Abstract Long-term data are critically important to science, management, and policy formation. Here we describe a number of data collections from arctic Canada that monitor vertebrate population trends of freshwater and marine fish, marine birds, marine and Climatic Change (2012) 115:235-258 
Introduction
The Arctic has experienced a significant warming trend over the past 30 years and its land, freshwater, and marine ecosystems are already changing in response (Arctic Climate Impact Assessment ACIA 2005; Blunden et al. 2011) . Up to now, the changes observed are numerous. They include a general "greening" of the arctic landscape, a reshuffling in species richness, abundance and spatial distribution, as well as an alteration of geophysical and biochemical processes and cycles at local, regional and pan-arctic scales (Post et al. 2009 ). Though few, the existing long-term (decade-scale) monitoring in this biome provides critical information that builds towards high-impact science, including the fodder to test ecological theory in ways that are not possible based on typical short-term studies. Most studies are short-term (<4 years), and biological factors (e.g., predation) tend to predominate as explanations of ecological patterns, whereas for long-term studies climatic patterns predominate (Edwards et al. 2010) . Even among long-term studies the spatial scale is often limited, creating problems in understanding ecosystem connections and interactions among water, land, and air (Peters et al. 2008) . Integrating several long-term monitoring studies thus offers the opportunity to develop a large spatial scale perspective of ecosystem functioning while expanding existing concepts and theories beyond what is provided by simply summing the separate parts.
Long-term data often provide conclusions that are unanticipated and consequently can have great impact on policy decisions and be of great interest to an informed public (Youngblut 2009 ). Thus, there is a growing need for strategic expansion of baseline data to assess rates of biodiversity and ecosystem change, and to determine possible mitigation and/or adaptation approaches (Carpenter et al. 2009; Magurran et al. 2010 ). Long-term data collections have frequently been used to inform government policy. For example, the measured increase in acid rain in North America that resulted in destruction of many forests and the acidification of numerous lakes during 1970 -1980 (Likens and Bormann 1974 Jeffries 1997) . Because of such measurements, Canada experienced major legislative changes related to pollution laws. Further, to prove the effects of DDT on animal health and breeding, the research required long-term generational data for affected populations (Ottoboni et al. 1977 ) but this resulted in strong societal attitude changes and government action. Effects of oil spills on long-lived mammals also required long-term data (Harwell and Gentile 2006 ) that can then be used to inform governments and trigger measures to develop safer oil and gas exploration, extraction, and shipping methods (Eicken et al. 2011) .
Arctic ecosystems are under growing pressure from a variety of major anthropogenic stressors, e.g. increased shipping activity, climate change, resource development, increased human populations . Addressing these pressures requires that stakeholders have access to comprehensive data on wildlife distribution and abundance trends in a timely manner (Arctic Climate Impact Assessment ACIA 2005). Unfortunately, existing longterm monitoring programs remain largely underfunded and uncoordinated toward a common goal. However, the last International Polar Year (IPY) (2007) (2008) provided an increase in funding and logistical support to improve our ability to understand and interpret data from monitoring efforts, with the hope that future conservation efforts could respond to arctic-wide trends (Gofman 2010) . Comprehensive monitoring of arctic ecosystems can assist society in maintaining a functioning system while providing necessary information for northerners who rely on the local environment for their economic and cultural needs (Butchart et al. 2010) .
Understanding patterns in ecology often requires data collected over the long-term, but it may be difficult to discern the mechanism of change when multiple processes are involved (e.g. Peters 2010 ). Hence, appropriate monitoring not only requires data collected for long periods, but it also requires the identification of key ecosystem components and drivers, necessitating the need to select priority parameters and indicators. One example of the value of long time series data is the Continuous Plankton Recorder (CPR) dataset, begun in 1925, which provides a remarkable oceanic plankton and fishery data set that has been used to assess ecosystem responses to climate warming (Kirby et al. 2007) . Over time the CPR has allowed the identification of spatial regions (with ca. 10 years of data), linear trends (with ca. 20 years), and a 3-year periodicity identified with spectral analysis (run across 30 years; see methods for details on this approach also used here). These results greatly helped to move to a new marine ecosystem paradigm linking variations in primary productivity (Bezemer and van der Putten 2007) to climatic systems such as the North Atlantic Oscillation, trophic relationships (top-down and bottom-up), and regime shifts across multiple trophic levels (Möllmann et al. 2008) . In fact, the analyses of long-term patterns are our only practical and defensible approach to separate anthropogenic-induced change from natural variations across time and space, as no experiments can be performed across such scales.
Long-term data are also essential to detect "ecological surprises", or unexpected findings about the natural environment (Lindenmayer et al. 2010) , because some key phenomena are not apparent unless populations, ecosystems, or ecological processes are studied for a long time. For example, in the case of acid rain in eastern North America, the negative influence of El Niño events on ecosystem recovery was only discerned through interpretation of anomalies in the long-term water chemistry monitoring of lakes and streams (e.g., Dillon et al. 1997) . Similarly, changes in fish communities in northern Hudson Bay were only recognized by long-term monitoring of seabird diets at Coats Island (Gaston et al. 2003) . Hence, long-term data are also important in ecology because they generate questioning and reformulating of views of the natural world, challenge current predictions about ecological trends and phenomena, and provide the ability to assess the effectiveness of resource management decisions.
Here, we describe a number of long-term vertebrate data collections that have benefited from IPY science and associated funding and discuss how their cumulative value is greater than the sum of their parts. For the latter, we conduct trend analyses to portray the collective significance of long-term data to science, management, and policy.
Materials and methods
Here we summarize the six IPY-sponsored research projects that provided long-term vertebrate monitoring (Table 1 ) Including research methods, data, and major concerns on representative vertebrates :
Polar bears
From 1984 to 2004, the Canadian Wildlife Service (CWS) used helicopters to capture polar bears during the ice-free period (between August and October) in the western Hudson Bay region (Stirling et al. 1989) . Sample size varied annually with funding, but an attempt was made to evenly distribute capture effort over the entire study area (a 12,000-km 2 area between the community of Churchill and the Nelson River, Regehr et al. 2007 ). All observed polar bears were captured regardless of sex, age, or reproductive status, with the exception of some pregnant females that took refuge in dens. Captured polar bears were ear-tagged with a unique identification number and permanent tattoos to both sides of the inner surface of the upper lip. The Manitoba Department of Conservation (MDOC) also captures problem bears in and around Churchill, which are handled in a similar manner as the CWS protocol. Regehr et al. (2007) used the CWS and MDOC datasets for capture-recapture analyses of population size and trends. While the polar bear data used in our time series analyses were not directly generated via IPY funding, several IPY projects (GWAMM and PET) assisted in linking research results on the predator with their prey (ice seals), as well as enhancing an understanding of ecosystem effects.
Caribou
The frequency and methodology for monitoring the 12 migratory tundra caribou herds in Canada varies regionally. Despite this limitation, some generalizations regarding abundance can be made (Vors and Boyce 2009 ). Herds were low in the early 1970s, increased through the 1980s and early 1990s and then generally declined in the first decade of the 21st century (http://www.carmanetwork.com). The latest estimates indicate that some of these herds are once again either stabilizing or recovering. The rates of increase and decline varied dramatically during this period. For example the Porcupine herd increased from 100,000 to 178,000 between 1970 and 1989 then declined to 123,000 by 2001 to again recover to 169,000 in 2010. Over a similar time period the George River herd increased from 105,000 to 780,000 and is currently estimated at 74,000. As can be imagined, managing herds whose abundance varied so dramatically and are such a critical resource to northern peoples is challenging. In response to that challenge, a group was formed in 2004 (CARMA) to share information, standardize monitoring techniques, and develop decision-support tools in an attempt to (Provencher et al. in press ).
The main aim was to use changes in the biology of the birds as indicators of change in local marine ecosystems.
assess the impacts of global change on the world's migratory tundra caribou/reindeer (Rangifer sp.).
Fish
Great Slave Lake (GSL), Northwest Territories, supports the largest commercial freshwater fisheries for residents of this region (Rawson 1951; Keleher 1962) . The combined harvest of lake whitefish (Coregonus clupeaformis) and lake trout (Salvelinus namaycush) peaked at 4,288 tonnes in 1948-1949 and has dropped below 1,000 tonnes since 2000. Almost the entire lake has been open to commercial fishing at some point in the history of the fishery, although certain areas have been closed to protect subsistence and sport fisheries (Read and Taptuna 2003) . Collection of biological measurements and commercial harvest information has been sporadic (Read and Taptuna 2003; Tallman and Friesen 2007) , but these data have allowed the examination of time-varying growth patterns of lake whitefish in response to changes in water level, riverine inflow, temperature, community structure, and exploitation (Zhu et al. 2011) . Arctic char, Salvelinus alpinus, have a circumpolar distribution and are the most adapted fish to cold-water habitat (Johnson 1980) . In addition to its extraordinary importance to the arctic ecosystem, Arctic char is highly valued by Inuit and Aboriginal harvesters. Samples obtained along a 37 o latitudinal span (IPY-CVCC) indicated differences in length-at-age and age-specific growth rate and that fecundity varied with latitude, morphotype, life-history, and climate (Power et al. 2005; Chavarie et al. 2010; Loewen et al. 2010 (Ferreira et al. 2011) , age structure (Ferguson et al. 2005) , body condition (Chambellant 2010) , and diet (Chambellant et al. 2012a; Young et al. 2010) . Aerial surveys of ringed and bearded seal abundance in western Hudson Bay were initiated in spring 1995 and continued, with some gaps, to 2010 (Ferguson and Young 2011) . GWAMM IPY funding provided the means to combine food habits, reproduction, and demographic information derived from tissue collections and aerial surveys and thereby provide evidence of decadal cycles in ice seal abundance (Chambellant et al. 2012b ).
Killer whales
The GWAMM IPY project summarized killer whale (Orcinus orca) sightings from Canadian arctic waters and provided a unique dataset capable of determining long-term trends in sighting frequency, changes in distribution and relative abundance, and evidence of food habits (Higdon 2007; Higdon and Ferguson 2009; Higdon et al. 2011) . Inuit hunters throughout the eastern Arctic have reported recent increases in killer whale sightings and are concerned about the effects of increased predation on culturally-important marine mammals, and a research program was established in 2005 in response to these observations and concerns (Higdon 2007) . A large spatial database of sighting reports has been developed (detailed in Higdon 2007; Higdon et al. 2011) . To date, analyses of database records has provided important information on the spatiotemporal distribution and relative abundance of killer whales in different areas of the Canadian Arctic (Higdon 2007; Higdon et al. 2011) , which has also been used to plan field research (e.g., Matthews et al. 2011) . Inuit knowledge was collected via 105 semidirected interviews in 11 Nunavut communities from 2007-2010 . Local hunters and elders have provided a wealth of information on killer whales, including many of the records in the sightings database, and analyses are on-going to understand longterm trends in the relative abundance of killer whales.
Arctic marine birds
Monitoring of marine bird reproductive success and colony size has proven to be an effective means of tracking the effects of anthropogenic stressors (fisheries, pollution, climate change) on marine ecosystems (Cairns 1987; Parsons et al. 2008) . Monitoring has occured for several decades in the Canadian Arctic. Data on marine bird population in the Canadian Arctic used in this analysis come from: (1) Prince Leopold Island (PLI; 74°N, 90°W) in the High Arctic, where population and breeding data have been gathered at irregular intervals since 1975 for three species (Thick-billed Murre Uria lomvia, Northern Fulmar Fulmarus glacialis, Blacklegged Kittiwake Rissa tridactyla; [Gaston et al. 2005a] ); (2) Coats Island (62°N, 82°W) in the low Arctic, where data on Thick-billed Murre numbers and reproduction have been gathered annually since 1985 (Gaston et al. 2009a) . Prince Leopold Island has also been the site of long-term contaminants monitoring (Braune 2007) . Methods typically involve daily observations on the attendance by parent birds and the fate of ca. 110-350 nests of each species, as well as overall numbers of birds observed on population monitoring plots at each colony (Gaston and Nettleship 1981; Gaston 2002; Gaston et al. 2006) .
Results to date have highlighted the effects of ice conditions on the timing of breeding, the reproduction and the diets of Thick-billed Murres which make up the majority of marine birds at both colonies. In the high Arctic, timing of ice break-up in waters adjacent to PLI showed no secular trend, but was highly variable during 1976-2010 with murres changing their date of laying accordingly (Gaston et al. 2005b, AJG unpubl. data) . In northern Hudson Bay there has been a significant trend towards earlier ice break-up, especially after the mid1990s. Coincidentally, prey fed to nestlings switched from Arctic cod (Boreogadus saida) to capelin (Mallotus villosus), a situation reflected in adult diets examined during the IPY project (Provencher et al. in press) . Growth of nestlings has been adversely affected by a growing mismatch between ice break-up and the timing of egg-laying by murres (Gaston et al. 2009a) . In light of the many new challenges experienced by marine birds due to changing environmental conditions (Gaston et al. 2009b; Mallory et al. 2010) , the value of long-term monitoring, especially individual-based research, will probably increase in the future (e.g., Clutton-Brock and Sheldon 2010).
Arctic fox
Monitoring of Arctic foxes (Vulpes lagopus) started in 1993 on the south plain of Bylot Island (73°N, 80°W), located in Sirmilik National Park. Monitoring increased gradually to include 40 dens (Szor et al. 2008 ) and then from 2003, all recorded dens (~100) were visited at least twice annually to look for signs of reproduction. About 20-30 adults and 20-60 juveniles were trapped every year. Information from different sources (live captures, automatic cameras, den observations) were used to estimate a yearly proportion of breeding foxes in the study population (Gauthier et al. 2004; Szor et al. 2008; Cameron et al. 2011; Giroux et al. 2012) . Red foxes (Vulpes vulpes) are also monitored on Bylot Island but at most seven individuals and one reproductive den have been observed in the study area. Long-term ecological research has provided significant information on the influence of spatiotemporal variation of food on fox population dynamics (Bêty et al. 2002; Careau et al. 2008; Lecomte et al. 2008 Lecomte et al. , 2009 .
In addition to the Bylot Island monitoring data, the time series of Arctic fox fur returns in Nunavut from 1993 to 2008 was compiled to use harvest as a proxy for inter-annual change of this predator at a larger special scale (Lecomte N, unpublished data) . These data cover most of the Canadian Arctic from ca 60°N to 80°N and were obtained from Statistics Canada. According to this government agency (see their website), the data correlate with the reported harvest numbers for each species. Overlapped years displayed the same numerical values for winter. As each winter spanned over 2 years, we set the 'harvesting year' on the first of the 2 years to reflect the response of foxes following rodent presence during spring and summer.
Time series analysis of long-term vertebrate data collections
A body of analytical techniques has developed around long-term data collections relevant to the monitoring of biodiversity. Measures of biodiversity change can be estimated using standard measures such as Shannon or Simpson indexes (Buckland et al. 2004) , and statistical measures such as Moran's I are used to account for temporal and spatial autocorrelation changes (Koenig 2004) . To assess apparent biodiversity loss in response to an environmental stressor, like a new arctic fishery, requires a statistical assessment of uncertainty that the change differs from the baseline (Magurran et al. 2010) . We used data from the above case studies (summarized in Table 2 ; Fig. 1 ) to illustrate several constructive methods that can be used to analyze time series data. Our study does not aim to be exhaustive, as we do not include a number of important arctic vertebrates such as marine fish, geese, and lemmings. Rather, we use this opportunity to present a region-wide perspective with a selection of data collections. The time series data used here will be made available on DRYAD, datadryad.org, an open-access repository of data underlying peer-reviewed, scientific articles. DRYAD's citable library already hosts numerous data packages and meta-data on adaptive management studies.
Long-term Vertebrate Index (LVI)
We calculated an index to display trends of time series data following the same approach used by the living planet index (LPI) (Loh et al. 2005; Collen et al. 2009 ). This allowed us to set the variety of our data collections within the same scale and compare them to trends observed at global, Canadian and arctic scales (Arctic Species Trends Index, ASTI) (Arctic Biodiversity Trends 2010; Butchart et al. 2010; World Wildlife Fund WWF 2010) . These two former indices are built on the same mathematical logic than LVI and LPI. We derived these indices from the above publications as the raw data are not yet publicly available. In brief, the LVI is similar to the LPI and illustrates trends in population abundance or proxy of abundance using 1970 as a baseline (LVI01 for 1970). For the LVI, we set a value of 1 to the first year of data if after 1970. Missing observations for times series data were interpolated using a gam-fitting framework (generalized additive modeling) and those with less than 6 years were estimated with a constant annual rate of change (Fewster et al. 2000; Loh et al. 2005; Collen et al. 2009 ). The gam models allowed us to derive non-linear trends (e.g. the majority of the cases for caribou). We obtained the best-fitted gam values by comparing the estimated degree of freedom among possible models. We then aggregated fitted values among populations by species for each year to estimate on a log-scale the average annual rate of change. We performed 100,000 bootstraps to generate 95 % confidence intervals around the LVI.
Periodicity and density-dependence structure of time series data
Wavelet analysis has been instrumental in describing ecological cycles and detecting gradual and sudden change in cyclicity (Cazelles et al. 2008; Ims et al. 2008) because it allows the decomposition of a time series data into a time-frequency space (Priestley 1992; Torrence and Compo 1998). We used this approach to identify when cyclic fluctuation may have occurred in our various data collections. The period of each cyclic dataset can be extracted from a wavelet power spectrum, which estimates the variance distribution for a given time point and scale. Significance can then be estimated with a point-wise test by comparing the power of the decomposed time series data with red-noise over different frequencies for all years to a rednoise background spectrum, treated as the null hypothesis (Priestley 1992; Torrence and Compo 1998). Red-noise here refers to any system where power density is decreasing with increasing frequency. We determined the critical values for the point-wise test by 10,000 Monte Carlo simulations. In wavelet analyses, time series data are extended with zero padding towards both ends, creating edge effects in the wavelet transformation. Outside the cone of influence where edge effects are present, interpretation should be made with caution (Torrence and Compo 1998) .
Wavelet coherence allows the measure of statistical association between two time series in both time and frequency. When two normalized time series oscillate in a simultaneous manner (and whether there is a phase difference or not between the series), high coherence is expected and one series can predict the other (Torrence and Compo 1998; Grinsted et al. 2004) . Lag period can then be derived with a phase spectrum (Maraun et al. 2008) . We conducted wavelet analysis and wavelet coherence in R (R Development Core Team 2010) using the sowas package (Maraun and Kurths 2004; Maraun et al. 2008 ). We calculated a general estimate of large- scale climatic variation on our time series data by running wavelet coherence and phase spectrum between all the continuous time series with the North-Atlantic Oscillation (NAO). Significant evidence has accumulated to show that this large-scale atmospheric phenomenon can simultaneously affect many species via an impact on local weather and vegetation. Overall, NAO is a possible indirect driver of various life histories traits and population dynamic parameters (e.g. Stenseth et al. 2002) . We used both annual and winter NAO (December to March) indexes provided by the Climate Analysis Section, NCAR, Boulder, USA (Hurrell 1995) .
To analyze density dependence, we used a second-order log-linear autoregressive [AR (2)] model, using the Yule-Walker estimators implemented in function ar.yw in the Rplatform (R Development Core Team 2010). This allowed us to extract the coefficients of direct density-dependence (1 + β 1 ) and delayed density-dependence (β 2 ) for each time series (Shumway and Stoffer 2006) . We imputted missing data in the seal time series data with log-linear interpolations. For data collections with too much missing data (i.e., seabirds at PLI and caribou), we estimated the best-fit line with 95 % confidence limits Fig. 1 Geographical regions represented by the long-term series data according to the different bioclimatic subzones of the Arctic (defined by Walker et al. 2005) . Migratory caribou herds are located all across continental Canada from gam-model fitting series by series (see above for details). We removed any longterm trends in our time series data by fitting locally weighted regression to the logtransformed series for raw and corrected datasets and used the residuals to analyze density-dependence and cyclicity.
Results

Long-term Vertebrate Index (LVI)
Though the LPI (ca 2,500 species monitored over 8,000 populations) showed an overall decline in population abundance of about 30 %, Canadian (ca 393 species with 1,057 populations), Arctic (ca 193 species with 443 populations) and LVI indices (9 species with 21 populations) remained mostly above the reference level from 1970 to 2005 (Fig. 2) . The LVI described a more exaggerated bell-shape compared to the two other indexes, with a general increase up to the 1990s followed by a continuous decline of ca 30 %.
Periodicity and density-dependence structure of time series data
Wavelet analyses on detrended time series data (Fig. 3 ) detected a pattern of cyclicity only for killer whales, CI thick-billed murres, Arctic fox breeding dens and the Arctic char harvest series. Cyclicity was never constant though time, however, lasting at most for three cycle periods. For the lake whitefish population, we detected no periodicity, but this was the only time series data to exhibit a significant coherence with both the annual and winter North Atlantic Oscillation indexes (NAO). In Fig. 4 , we only show the annual NAO to simplify the figure, though results are the same with the winter NAO. We detected a lag of 4 years between NAO and lake whitefish harvests with the wavelet phase specturm.
We plotted the density dependence coefficients on the parabola diagram of Royama (1977 Royama ( , 1992 , where the relationship between the structure of density dependence and cyclicity can be shown (Fig. 5) . Under the parabola, where delayed density dependence is relatively strong, periodical dynamics emerge, and the strength of direct density dependence affects the period length. In agreement with Fig. 5 , only some of the populations (those below the semicircle) are expected to have cyclic dynamics.
Discussion
Our goal in this paper was to describe disparate data sources from long-term and IPYsupported monitoring of arctic vertebrates, analyse those data simultaneously to examine large-scale patterns of change, and discuss the consequent implications of long-term timeseries monitoring on science, management, and policy. Long-term monitoring of arctic vertebrate populations has been essential not only for developing policy and regulating harvest Peacock et al. 2010; Higdon et al. 2011 ), but also for input to international climate change analyses (Arctic Climate Impact Assessment ACIA 2005), regional land use planning and environmental assessment (Mallory and Fontaine 2004) , and downlisting/uplisting species (Stirling and Parkinson 2006; Robertson et al. 2007 ). Funding and logistical support during IPY made significant contributions to longterm time series for arctic vertebrates, including the standardization of metadata, establishment of long term archives and improving access to collected data. IPY projects also increased the contribution of local Inuit knowledge to long-term data collections.
Information provided by Inuit hunters provides an example of how community-based monitoring can integrate local ecological knowledge and western science and fill large gaps in our existing monitoring systems .
Collectively, the pooled data collections on arctic vertebrates exhibited some sharp departures from the global pattern in the living planet index (LPI). While the LPI has decreased roughly by 30 % between 1970 and 2006 our long-term vertebrate index (LVI) is virtually similar in 2010 as it was in 1970. Part of this difference is likely due to the dramatic decrease in abundance (59 %) observed in many vertebrate populations from the tropics during the last three decades (Secretariat of the Convention on Biological Diversity 2010). Perhaps more interestingly, variations through time of our LVI are rather similar to variations in the Canadian or Arctic species trend indices (Fig. 2) . We thus managed, from a handful of monitored vertebrate populations, to reproduce trends generated by indices using many more species and populations (Arctic species trend index: n0306 species and 965 populations, McRae et al. 2010) . It would be useful if trends in arctic vertebrate populations would be homogenous enough that small sample sizes represent overall trends. However, this is not the case. When desintegrating the Arctic species trend index, McRae et al. (2010) indeed showed that populations in the High, Low and Sub-Arctic showed markedly different trends, ranging from an overall decline in abundance of 26 % in High-Arctic species to an average 46 % increase in Low-Arctic species over the same time period. While our monitored populations were representative of a larger pool of arctic populations, there continues to be a need for monitoring biodiversity at larger scales.
We also showed that some of the monitored vertebrate populations exhibited a transient cyclicity, but that only one (whitefish) showed a marked association with a broad climatic Fig. 2 Trend derived from the long-term monitoring case studies of some vertebrate populations in Canada (LVI, blue) compared to several global estimates using the living planet index (LPI). Mean global trend up to 2005 for all world species (orange), Canadian trend (red) and Arctic Species Trend Index (green). The Y-axis is ordinated on a logarithmic scale. Shades around the mean trends correspond to confidence intervals generated by bootstrap resampling Fig. 3 Population time series data across arctic Canada for seven marine, terrestrial, and freshwater species. Low-Arctic and arctic tundra series are illustrated in red and yellow, respectively. Raw and detrended values are shown as adjacent columns to emphasize the interannual variations in population dynamics (see methods for details). The y-axes of the detrended time series data are scaled differently among species and regions (i.e. minimum and maximum are series-specific) and thus the y-legend has been removed. Missing data present in the seal series were imputed with log-linear interpolations. The data on other Canadian caribou herds and seabirds from Prince Leopold Island are not presented because of too many missing data; the global trends of the seabird time series data are shown in Figure S1 Wavelet analyses results for five marine, terrestrial, and freshwater vertebrate species from across arctic Canada. Wavelet power spectrum identifies periods with significant periodicity. The magnitude (power) of the amplitude is visualized from dark blue for low power to dark red for high power, with significant periodicity bordered with dark lines (significant at the 5 % level; 1,000 Monte Carlo simulations). White arched lines denote the cone of influence; outside such cones, interpretations should be made with caution. Other species described in the methods were excluded if no significant periodicity was detected. For the lake whitefish population, though no periodicity was detected, this was the only species to exhibit a significant coherence with the annual North Atlantic Oscillation index (NAO). Thus, temporal dynamics of the NAO is displayed at the bottom of the figure, together with the detrended time series data of the lake white fish, slided by −4 years to illustrate the 4-years lag between the two series demonstrated by the phase spectrum above pattern like the NAO. Our finding that the Arctic fox showed ca. 4 year cycles is not surprising, given that such cycles have been described in their main prey, lemmings (e.g. Gruyer et al. 2008; Lecomte et al. 2008) . The transient cycles observed in e.g. killer whales or Arctic char were not synchronized with each other, which suggest no direct link between these patterns. The association between whitefish and NAO is more interesting and might generate testable hypotheses about potential cause-effect relationships. Typically, long causal chains and indirect effects make correlations much more abundant than mechanistic understanding in ecology (Krebs and Berteaux 2006) .
The monitoring supported by IPY not only augmented the existing time series data collections, but provided some specific new projects and new discoveries, such as the observation of plastic pollution in thick-billed murres ). This had not been observed in Canadian arctic seabirds or in this species previously, but data now suggest that up to one in 10 of these birds has ingested plastic garbage that now pervades all parts of the world's oceans. Such evidence derived from monitoring can be used by policy makers to (2)]. The expected cycle period lengths are illustrated with the dotted isoclines increasing from left to right (i.e. 3, 4 and 5 years). Arrows indicate two routes toward cycle collapse: (1) with increasing strength of direct density dependence that leads to period shortening, and (2) a decreased strength of delayed density dependence that leads to period lengthening enact laws to reduce plastic debris in Canadian marine waters. Another new discovery was that poor environmental conditions during the previous winter can have a marked, deleterious effect on survival of thick-billed murres (Smith and Gaston in press). Furthermore, IPY support provided new data on the increasing presence and range expansion of killer whales (Higdon and Ferguson 2009) , and cycling predator-prey dynamics between polar bears and seals. IPY also generated new quantified evidence for the striking ability of some arctic terrestrial wildlife species to use the marine environment over large spatial scales, probably due to the steep productivity gradient between the two environments (e.g. Gagnon and Berteaux 2009; Tarroux et al. 2010; Giroux et al. 2012) . The IPY-generated killer whale sightings database (Higdon 2007; Higdon et al. 2011 ) is dominated by observations from local resource users and indicated the great value of local knowledge that can assist in understanding ecosystem changes and improve adaptive management ).
Scientific value of long-term data
Conflicts occur between short-term, specific hypothesis testing and the collection of consistent long-term life-history and environmental data. Arctic researchers measuring biological variables face the difficulty of continuously sampling remote environments while confronting and overcoming financial constraints and technical difficulties compared to measuring chemical and physical environmental indices (e.g., Mallory et al. 2006) . As a result of funding cycles, currently the majority of time series data are peppered with spatial and temporal gaps (McDonald-Madden et al. 2010) . For example, migratory tundra caribou herds generally cycle every 40-50 years. By understanding the timing, frequency and amplitude of these cycles, we are better able to identify the drivers of change and thus predict impacts of unidirectional changes such as climate change and industrial development.
One future need of Canada's current arctic monitoring sites is to develop single-species studies into multiple trophic levels over a broad spatial scale (e.g. Lecomte et al. 2009 ). Currently, most arctic observation programs focus on only a few trophic levels and emphasize the top of the virus-to-whale spectrum. Collectively, the collation of disparate data from knowledgeable local residents, marine bird monitoring, marine mammal monitoring, etc., allows for more comprehensive and thorough understanding of the effects of environmental change on arctic environments (e.g., .
A circumpolar monitoring network is needed to invest in research and monitoring that emphasizes community engagement. With greater temporal and spatial coverage of ecological data, the scale of management issues that can be addressed increases considerably. The Canadian Arctic is relatively unique in having a good spatial representation of small communities with local inhabitants closely tied to the land and sea and having a rich cultural history of traditional local ecological knowledge. Creating a network of monitoring sites does not necessarily require new infrastructure but rather use of the existing multi-agency partnerships including for example, monitoring and assessment activities of the Arctic Monitoring and Assessment Program (AMAP) and the Conservation of Arctic Flora and Fauna (CAFF) working groups of the Arctic Council. The Circumpolar Biodiversity Monitoring Program (CBMP) of CAFF may be particularly relevant. These efforts can be linked with existing Canadian community-based monitoring systems such as Ecological Monitoring and Assessment Network (EMAN) and with other pan-arctic efforts (e.g., and Sustaining Arctic Observing Networks (SAON)). Monitoring programs can build on the current momentum observed in Nunavut (Nunavut General Monitoring Program, NGMP) to involve local people in designing and implementing surveys and summarizing results that can be used for management.
How do long-term time series data help in management?
Adaptive management refers to a management approach that changes and develops as new results are assessed as well as actively using management to learn about the system. The method contrasts with the crisis management approach typically used by decision-makers. The adaptive management cycle includes implementing management actions determined from prior objectives, evaluating their success, adjusting the strategy according to the evaluation process, and continuing the sequence with iterative improvements (Carpenter and Gunderson 2001) . Longterm monitoring assists in the adaptive management cycle by providing background threshold levels against which change can be compared and its significance evaluated. Merging ecosystem model studies with long-term observations provides the ability to include less-studied functional groups or the ones that are more difficult to monitor in the management strategy evaluation process (Edwards et al. 2010; Hoover 2010; Hoover et al. 2011) .
For example, the fox data included here were used as part of a long-term evaluation of the ecological integrity of Sirmilik National Park and the monitoring therefore has strong local conservation value. The arctic fox, like the polar bear, has become a climate change flagship species (International Union for Conservation of Nature IUCN 2009) because tundra habitat may be slowly replaced by subarctic vegetation, accompanied by the northward encroachment of the competitively superior red fox, a process already documented. Milder and shorter winters are predicted to cause declines in lemmings, the main source food of Arctic fox. Harvest time series data for this species provide interannual variations that correlate with population dynamics, and harvest data may provide good proxies for monitoring yearto-year variation of many populations (Hersteinsson et al. 1989 ).
In the Great Slave Lake system, lake whitefish is important to aboriginal commercial and subsistence uses and the sustainable management of this species is a priority for local communities. Fisheries and Oceans Canada implemented a long-term sampling program, including collection of age structures from harvests in each management area and sporadic surveys to produce abundance indices (Tallman and Friesen 2007) . The primary driving force behind water level fluctuation and fish growth (Mohr and Ebener 2005) was found to be climate-driven precipitation variability in the Peace-Athabasca basins (Gibson et al. 2006) . Long-term (1960 Long-term ( -2010 data indicated a significant negative correlation between fish condition index and riverine inflow, and this information assisted in local management (Zhu et al. 2011) .
Marine bird population monitoring in arctic Canada has been key in developing or influencing policies to understand the effects of climate change on these species (Gaston et al. 2005a,b) , as well as for understanding changes in food webs that might affect reproduction (Gaston et al. 2003) . For murres, an internationally-harvested species, these monitoring data also contribute to setting harvest limits and understanding the effects of harvest quotas on sustainable management . The data also constitute Canada's contribution to the International Murre Conservation Strategy (Conservation of Arctic Flora and Fauna CAFF 1996) . These data, as well as additional work at other monitoring sites (e.g., Gaston et al. 2006; Love et al. 2010; Mallory et al. 2009 ), form critical information for input to land use planning in Nunavut, environmental assessments, and protected areas development and management (Mallory and Fontaine 2004) .
Monitoring population status of caribou herds allows managers to know where they are in the cycle, how to adjust management actions to dampen fluctuations at population peaks and hasten recovery at population lows (Vors and Boyce 2009) . Recognizing where we are on the cycle needs to be incorporated into cumulative impact assessments such that impacts can be expressed at the population level rather than at the behavioural or habitat selection level.
How do the data help in developing policy?
Policy-makers make decisions based on expert knowledge, existing research, results of statistical analyses of change, and by consulting with stakeholders (Fletcher 2007 Jonassen and Pielke 20110) . Rudd et al. (2011) recently generated priority research questions to inform biodiversity conservation policy and management in Canada. They stressed that evidencebased policy-making is increasingly being advocated and used in conservation. Many key policy-driven questions concern the effects of climate change on terrestrial and aquatic ecosystems. Answers require that the data distinguish anthropogenically-induced climate change patterns from natural variability. Two of the most pressing environmental issues concern climate change and biodiversity loss. Data on the effects of climate change on biodiversity are thus important to inform policy makers. The northward progression of isotherms in the Arctic will have wide-ranging impacts on the distribution of wildlife, with cascading effects on the functioning of ecosystems. Many arctic species may undergo population declines in response to warming (Rohani and King 2010) , and long-term data on wildlife populations ultimately have strong relevance to policy.
Another policy question concerns how to conduct adaptive management in the context of an ecosystem-based approach. Conservation monitoring provides information needed to improve the adaptive management process and inform policy (McDonald-Madden et al. 2010) . For example, conventional approaches to marine fisheries management have not performed as needed (Worm et al. 2009 ) resulting in a call for innovative approaches including a more holistic ecosystem approach to management (Pikitch et al. 2004 ). An ecosystem approach requires an appropriate monitoring system that extends to biological as well as current physical and chemical observations and humans and associated stressors. Reliable data on species distribution and abundance, across multiple trophic levels, is a significant information need. For example, a better understanding of population abundance of large caribou herds would prevent conflicts between government policies and regulations and the recommendations and actions of co-management boards, as was experienced during recent population lows of a number of herds.
Conclusions and future recommendations
The focus of this article has been on the value of long-term biological data obtained (to varying extents) during the most recent IPY years, 2007-08, and summarizing the contribution of long-term ecological monitoring to science, management, and policy in the Arctic. We recommend using every opportunity to advocate for the collection of long-term data in ecological science to improve both temporal and spatial extent (Carpenter 2002) . Such data are particularly important in monitoring human impacts as they enable us to understand natural variation over time and space (Micol and Jouventin 2001) . Without long-term data we cannot disentangle the putative causes of environmental change, or determine whether change is natural or anthropogenic in origin, nor can we understand the significance of such change in both statistical and biological relevant contexts.
To facilitate integration of information on biological time trends, Canada needs to develop the capacity to archive, retrieve, and exchange long-term data, so that the data outlive their collectors. A discussion is required as to who takes on this added responsibility for centralized monitoring in any new major role -should it be government or universities or locals? The need for a centralized leadership suggests that governments take on this responsibility primairly. Similar themes that are open to discussion include developing continuity and integrity of data and associated data sharing and data management. We need to develop statistical techniques to make full use of long-term data including condensation of source data into derived products that are simple temporal and spatial aggregations necessary for policy. Furthermore, we must integrate long-term data into data networks and develop better ways (e.g., statistical techniques) to relate them to each other. We need to find new technologies and approaches so that derived data products can be synthesized for ecosystem use. Lastly, new findings derived from long-term data needs must be used to inform policy to guide decision-making, thereby closing the feedback cycle.
Key findings include:
1. maintain existing ecological time series data, particularly those with >10 years. Continue past methodology as well as adopting internationally accepted monitoring approaches and integrate data collections with physical and chemical observations in a more regional perspective for comparability.
2. internally expand existing long-term surveys into a greater spatial pattern and expand current programs into a more diversified trophic sampling program by adding new sampling methodologies and technologies and experimental and process studies. Uniting ongoing observational studies with management programs and policy decisionmaking efforts will maximize funding opportunities (e.g., developing an ecosystem approach to management with added spatial and temporal value). 3. externally expand beyond the original program goals to allow for integrated monitoring programs at large scales useful for monitoring change while controlling for natural environmental background patterns. Delineating new geographical locations for additional site monitoring requires development of a centralized plan. 4. integrate by collecting and assimilating disparate biological monitoring programs around the circumpolar Arctic. Develop consistent systematic approaches to data collection and availability to ensure public accessibility and the opportunity to combine similar long-term data collections globally. An integrated and sustained observational approach will provide assessment of global climate change patterns through international collaboration.
